Introduction
The FMR1 premutation is a relatively common genetic condition occurring in roughly 1 in 200 women and 1 in 400 men (1) . It is defined as an expansion in the FMR1 gene to between 55-200 CGG repeats (2) . Repeats above 55 are unstable and can expand when passed on during meiosis to above 200 CGG repeats (termed 'full mutation') with consequent silencing of the FMR1 gene (3) . This results in Fragile X syndrome (4), the most common inherited form of X-linked intellectual disability. The premutation phenotype is significantly different, but the past decade of research has demonstrated that it has its own pathology, such as Fragile X-associated Tremor and Ataxia Syndrome (5) , which may be mediated through increased levels of FMR1 mRNA and sequestration of critical proteins for cell function (6) .
The present study aimed to examine the relationship between the fragile X premutation and restless legs syndrome (RLS). RLS is a common condition involving a disagreeable feeling in the legs that that can impair one's ability to fall asleep. Defects in iron regulating proteins have been associated with both RLS (7) and the premutation (8) . In addition to this similarity, the impetus for studying the prevalence of RLS in the premutation population is that RLS has been found to be prevalent in other hereditary ataxic syndromes such as spinocerebellar ataxias (9) and Parkinson's disease (10) .
Materials and Methods

Recruitment and Collection
Recruitment and survey participation were approved by the UC Davis Institutional Review Board. Previous adult participants at the UC Davis MIND Institute were contacted by e-mail or phone with an invitation to participate in the online study. Additional control subjects were recruited from flyers and word of mouth referrals. Of all those offered the opportunity to participate by phone or e-mail, 61% responded to the survey including 63% of known premutation carriers and 69% of control subjects. All premutation carriers and 92% of control subjects described themselves as white and non-Hispanic.
Survey Design
The survey collected demographic information including premutation carrier status, history of FXTAS diagnosis, gender and age. Those respondents known to have CGG repeats in the gray zone (45-54), with the full mutation (>200) or mosaicism into either range were excluded. Subjects were asked the four questions considered diagnostic for RLS (11) . These included asking if the subject had an urge to move their legs, if that urge worsened during periods of inactivity, if the urge was relieved by movement and if the urge worsened in the evening. Those subjects who answered yes to all four were asked to complete the International Restless Legs Scale (IRLS) (12) , a survey about RLS severity in the past week.
Subjects were asked to complete three additional surveys concerning sleep and related issues. The first, the Epworth Sleepiness Scale(ESS) (13) , consisted of questions about how likely a subject would be to fall asleep in given situations. The second was the Insomnia Severity Index (ISI) (14) which covered symptoms specific to types of insomnia and sleep problems. The final sleep survey was the Pittsburgh Sleep Quality Inventory (PSQI) (15) where subjects answered questions about many different domains of sleep.
Statistical Analysis
Prevalence/proportion of RLS was estimated for subjects with and without the premutation. Univariate p-value comparing prevalence between participants with FMR1 premutation and controls were based on Fisher's exact test. Descriptive comparisons of participant age were based on t-tests. To obtain adjusted relative risk of RLS in participants with the premutation compared to controls, a generalized linear model (GLM) adjusted for age and gender was fitted using a binomial distribution with log link (n = 213). Among subjects with RLS (n = 56), comparison of RLS severity between participants with the premutation and control subjects was based on linear regression models, again adjusted for age and gender. Comparisons between participants with the premutation and controls with respect to the PSQI, the ISI, and the ESS, were based on linear regression models that included premutation status (yes/no), age, gender, RLS status (yes/no) and premutation status by RLS status interaction. However, these models with effect modification by RLS status did not indicate significant interaction; therefore, we present the results from the more parsimonious models without interaction below.
Results
The mean ages for premutation carriers and control subjects were 64 (SD 10.2) and 67 (SD 7.7), respectively (p=0.014). There was no difference in gender between premutation carriers and controls (p=0.1623) ( Table 1 ). The prevalence of RLS in premutation subjects was 33.1% (42/127), which was significantly higher than the prevalence of RLS among controls, 16.3% (14/86), p = 0.007 ( Table 2 ). The relative risk (RR) of RLS in premutation carriers relative to controls was 1.86 (95% confidence interval [CI] 1.08-3.2; p = 0.0246). The RR of RLS was not associated with age, although the risk of RLS in males was lower, with a RR of 0.54 (95% CI 0.31-0.92, p = 0.0232). Average RLS severity for premutation subjects (mean 15.1, SD 8.8) was significantly higher than control subjects (mean 7.9, SD 4.4), p = 0.0061. Also, premutation subjects showed significantly more severe insomnia (p = 0.009), lower quality of sleep (p = 0.0398) and a trend towards higher levels of sleepiness (p = 0.0708) ( Table 3) .
In one separate analysis, no significant difference was found in the prevalence of RLS, mean ESS score, mean ISI score or total PSQI score in the 76 premutation carriers with a diagnosis of FXTAS as compared to the 51 carriers without such a diagnosis. In a second separate analysis limiting comparison to white non-Hispanic premutation carriers to white non-Hispanic controls, the RR of RLS was 1.65 (95% CI 0.95-2.87, p=0.0755).
Discussion
The present study demonstrated a significant relationship between the fragile X premutation and RLS with nearly twice the likelihood of RLS in the carrier population as compared to controls. The raw prevalence of RLS in premutation carriers is similar to that seen in the spinocerebellar ataxias (20-30%)(9) and Parkinson's disease (20-24%) (10) . Dopamine dysfunction has been hypothesized in the mechanism of RLS (16) and this may explain a relationship to Parkinson's disease while also partially explaining the relationship to the premutation. FMRP, the protein expressed through the FMR1 gene and normal or lowered in premutation carriers, has been shown to be involved in dopamine activity (17) .
This work also looked at the sleep of premutation carriers. Two surveys, the ISI and PSQI, showed a significant difference between carriers and controls. These also showed a very tight correlation with RLS status, whereas the ESS showed no correlation to RLS and only trended towards a difference between controls and premutation carriers. The ESS has previously shown a mixed picture in the RLS population (18) which does not make this result surprising. The ISI would seem to be more directly related to RLS both because of the nature of its prevention of sleep induction. The ISI has not been commonly used to study the severity or progression of RLS, but our results may argue for its greater use. The PSQI has previously been shown to have a good correlation with RLS severity (19) .
The study limitations included a lack of correlation with other common sleep problems such as sleep apnea, no information on the age of onset of RLS and a lack of ethnic diversity in subjects, so the results may not be generalized to the whole premutation population.
Our results demonstrate that RLS and sleep disturbances are more common in carriers compared to controls. These problems should be clinically assessed in carriers, so that treatment, if needed, can be initiated. The cause of these disturbances may be related to iron dysregulation that has been reported in carriers related to FMR1-RNA toxicity (8). Age-and gender-adjusted models of the (A) relative risk of RLS, (B) RLS severity, sleepiness, sleep quality and insomnia severity rating in premutation carriers and controls 
